ABSTRACT. Mycobacteria grow and divide differently compared to well-studied model 13 bacteria. They insert new cell envelope at their poles instead of along their side walls; 14 and, they lack obvious homologs of well-conserved cell growth and division proteins. 15
Introduction 31
Mycobacterium tuberculosis (Mtb), the agent of human tuberculosis (TB), is 32 responsible for approximately 1.5 million deaths each year. One of the pathogen's 33 distinguishing features is its unusual cell envelope. Like nearly all other bacterial species, 34 the plasma membrane is surrounded by peptidoglycan, a rigid mesh-like structure made 35 up of sugars and peptides. However, in contrast to the peptidoglycan of other well-36 characterized bacteria, mycobacterial peptidoglycan is covalently linked to the highly 37 branched hetero-polysaccharide arabinogalactan, which is, itself, covalently bound to 38 extremely long chained fatty acids called mycolic acids. In addition to this core structure, 39 several lipids and glycolipids, are abundantly and non-covalently interspersed across the 40 plasma membrane and mycobacterial cell wall (1, 2). This multi-laminate cell envelope is 41 a double-edged sword: it is a formidable barrier to many antibiotics, yet provides a number 42 of potentially targetable structures. Indeed, two, of the four, first-line TB antibiotics target 43 cell-wall biosynthesis. 44
In addition to its unusual cell envelope, mycobacterial physiology is distinctly 45 different than other model bacterial species. Notably, mycobacteria elongate from their 46 lipomannan (LM), and lipoarabinomannan (LAM) -two large glycolipids abundant 70 throughout the mycobacterial cell envelope -accumulate as msmeg_0317 is depleted, 71 and are shed into the culture media more abundantly upon MSMEG_0317 72 overexpression (1, 14). By cryo-electron microscopy, we find that the cell envelopes of 73 depleted cells are devoid of outer cell wall and are highly disrupted. Together, these 74 results show that MSMEG_0317 plays an important role in LM/LAM transport to the outer 75 mycobacterial cell wall, polar elongation, and the structural organization of the 76 mycobacterial cell wall. As such, we propose to rename msmeg_0317, cwdA, for cell wall 77 disruption, mutant A. 78
79

Results
80
cwdA is essential for polar growth and cell wall integrity 81
To determine the essentiality of cwdA, we used an allele swapping strategy (15). 82
Briefly, in a strain of Msm whose only copy of cwdA was at the L5 phage integration site 83 (16), we exchanged cwdA for either an empty vector or for another copy of itself (Fig. 1A) . 84 Consistent with cwdA being essential for cell growth, we observed approximately 1000-85 fold fewer colonies when we exchanged cwdA with an empty vector compared to 86 exchanging it for another copy of itself (Fig. 1A) . 87
To further confirm the essentially of cwdA we constructed a strain in which the only 88 copy of the gene was tetracycline inducible (Fig. 1B) . Removal of anhydrotetracycline 89 (ATC) from the culture media prevented cell growth (Fig. 1B) . By time-lapse microscopy 90 we observed that, while cells expressing cwdA became longer, on average, as cell density 91 increased within the microfluidic device ( Fig. 2A, C CwdA localizes to the sites of cell wall synthesis 97
As our data suggested CwdA is important for polar growth, we hypothesized that 98 it would localize to the poles, which are the site of new cell wall synthesis in mycobacteria. 99
To test this hypothesis, we made a translational fusion to CwdA with mRFP expressed by 100 its native promoter. By allele swapping, we find that cwdA-mrfp restores bacterial growth 101 (Fig. S1 ) and thus encodes a functional cwdA. Fluorescence microscopy at a single time-102 point showed that CwdA-mRFP localizes to mid-cell and to the poles (Fig. 3A) . In polar 103 growing bacteria, the site of division eventually becomes the site of elongation. Thus, in 104 addition to localizing to the poles, elongation-complex proteins will also localize to the site 105 of division early during the cell cycle. To disentangle whether CwdA is also part of the 106 division complex we visualized CwdA-mRFP by time-lapse microscopy. By constructing 107 kymographs averaged over many cells, we compared the fluorescence distribution over 108 the course of the cell cycle to the earliest known marker for the division (FtsZ-mCherry2B) 109 complex and the elongation complex (eGFP-Wag31). CwdA-mRFP localizes to the site 110 of division after FtsZ (Fig. 3A, B ), but before Wag31 (Fig. 3C ). These data are consistent 111 with CwdA being a member of both the mycobacterial division and elongation complexes, 112 but its essential function is as part of the elongation complex. 113
114
CwdA is involved in LM/LAM transport and cell wall integrity 115
The corynebacterial homolog of cwdA was recently implicated in LM/LAM 116 biosynthesis (17), as a deletion mutant of the Corynebacterium glutamicum homolog 117 results in truncated LM. To test if this is also the case in mycobacteria we used thin layer 118 chromatography (TLC) to quantify the amounts of different lipid species in cells depleted 119 for CwdA. In contrast to the results obtained in C. glutamicum, we observe a dramatic 120 increase in the total amount of cell-associated of LM/LAM during depletion (Fig. 4A) , while 121 other lipids (Fig. 4 B, C & Fig. S4 ) and sugars (Fig. S2 ) remain constant. Likewise, when 122 we inducibly over-expressed cwdA from a multicopy plasmid, we observed less LM/LAM 123 associated with Msm cells (Fig. S3A & S5) . 124
These data are not consistent with the proposed function of the corynebacteria 125 cwdA homolog. As, by sequence-based homology modeling, CwdA shares some 126 homology to LppX and LprG, proteins known to transport lipids from the inner membrane 127 to the outer membrane in mycobacteria, we hypothesized that CwdA could be involved in 128 transporting LM/LAM to the outer membrane where it is likely to be shed (18) (19) (20) . 129
Consistent with this hypothesis, upon over-expression of CwdA we observed more 130 LM/LAM in the culture supernatant (Fig. S3B ). These data show that CwdA is involved in 131 transporting LM/LAM to the cell surface of mycobacteria (Fig. S3B) . 132
133
CwdA is important for outer cell wall integrity. 134
Given the abrupt and violent nature of lysis when cells are depleted for CwdA, we 135 hypothesized that CwdA-depleted cells had gross alterations to their cell envelope. Thus, 136
we visualized the cell envelope of wild type and mutant cells by high resolution cryo-137 electron microscopy (cryo-EM). As has been previously observed (21, 22), wild type Msm 138 cells exhibit a distinct plasma membrane and outer membrane that is approximately 50-139 nm thick (Fig. 5A-C) . Surprisingly, we find that cells depleted for CwdA have largely 140 unstructured cell walls, and appear devoid of electron density in the outer cell wall (Fig. 5 141 D-F). Early during depletion, before cell death, we observe dramatic fraying of the outer 142 membrane, and large invaginations of plasma membrane (Fig. 6) . Thus, CwdA is 143 important for maintaining the structural integrity of the outer mycobacterial cell wall. 144
Collectively, our data show that CwdA is an essential polar growth factor involved 145 in transporting LM/LAM to the outer wall. Further, our data suggest that the correct 146 localization of LM/LAM is important for the structural organization and integrity of the 147 mycobacterial cell envelope. 148
149
Discussion 150
The extraordinary diversity of the bacterial kingdom has led to a plethora of 151 bacterial cell shapes and geometries of cell growth and division. Unlike well-studied 152 model bacteria, several organisms, including the major human pathogen M. tuberculosis, 153 grow from their poles rather than their side-walls. Our understanding of polar growth is at 154 a nascent stage compared to our knowledge of side-wall growth. Mycobacteria, and 155 related organisms, have an additional challenge of orchestrating the biosynthesis and 156 transport of several additional covalently and non-covalently attached lipids and sugars 157 to their thick layer of peptidoglycan. How these organisms coordinate the biogenesis of 158 this complex structure to elongate and divide is almost completely unknown. 159
Here, we have identified a highly conserved actinobacterial protein, 160 MSMEG_0317, in M. smegmatis and propose to rename it CwdA. We show that this gene 161 is essential in Msm. The Mtb homolog, rv0227c, is almost certainly essential as well, as 162 no transposon insertions have been found in this gene, even in data sets which combine 163 insertion counts from high density mutagenesis across multiple independent experiments 164 (9). 165
Our data suggest that CwdA's essential function occurs during polar elongation, 166 as cells depleted for CwdA stop elongating, and CwdA-mRFP localizes to the poles. 167
Interestingly, CwdA also localizes to the site of division, yet depleted cells continue to 168 divide. This is consistent with recent work from several groups, which suggests that the 169 essentiality of certain cell envelope structures is different for elongation and division. For 170 example, C. glutamicum cells treated with ethambutol, which inhibits the polymerization 171 of Arabian, a core structure in both arabinogalactan and LAM, stop elongating, but 172
continue to divide (23, 24). 173
What is the function of CwdA? Our work suggests that CwdA is involved in the 174 transport of LM/LAM to the cell surface either directly or indirectly, and for maintaining the 175 structural integrity of that mycobacterial cell wall. Upon depletion, the levels of several 176 other lipids remain constant, suggesting that cwdA may be acting on LM/LAM directly, 177 though our lipid profiling was not exhaustive and we cannot rule out the possibility that 178 another structural lipid is affected by CwdA depletion. However, supporting the notion that 179 In addition, our data suggest that either LM/LAM are important structural components of 186 the outer cell wall or the accumulation of these large glycolipids in the periplasm leads to 187 envelope disruption. 188
One implication from our work is that the transport of lipids to the cell surface is 189 used for M. smegmatis is as follows: 20 µg/ml zeocin, 25 µg/ml kanamycin, 50 µg/ml 211 hygromycin, and 20 µg/ml nourseothricin. Concentrations of antibiotics used for E. coli is 212 as follows: 40 µg/ml zeocin, 50 µg/ml kanamycin, 100 µg/ml hygromycin, and 40 µg/ml 213
nourseothricin. 214
Plasmids and strains construction: Before deleting the native copy of 215 msmeg_0317/cwdA, a merodiploid strain was created by inserting a second copy of 216 msmeg_0317/cwdA gene under pTetO promoter using a Kan R L5 integrating vector. 217
Subsequently, in the merodiploid strain, an in-frame deletion was made by replacing the 218 native copy of msmeg_0317/cwdA gene with a zeocin resistance cassette flanked by lox 219 sites using recombineering (16). The plasmid constructs were made using isothermal 220 were extracted from the delipidated pellet by incubation with phenol/water (1:1) for 2 hrs 252 at 55°C. Phospholipids and PIMs were separated by high performance thin layer 253 chromatography (HPTLC) silica gel 60 (EMD Merck) using chloroform/methanol/ 13M 254 ammonia/1M ammonium acetate/ water (180:140:9:9:23). Phospholipids were visualized 255 via cupric acetate staining. Carbohydrates extracted in the aqueous phase of the butanol-256 water phase partitioning were separated by HPTLC using the solvent n-butanol/ 257 isoproponal/ water (13:12:4). Carbohydrates and PIMs were visualized with orcinol 258 staining as described (Sena 2010) . LM/LAM samples were separated by SDS-PAGE 259 (15% gel) and visualized using ProQ Emerald 488 glycan staining kit (Life Technologies) 260 as described in (28). To detect LM/LAM in culture supernatants, the supernatants were 261 initially treated with a final concentration of 50 µg/ml Proteinase K for 4 hours at 50°C. 262
The treated supernatants were electrophoresed on 15% SDS-PAGE. LM/LAM were 263 blotted onto nitrocellulose at 20 V for 45 minutes using semi-dry transfer method. Post-264 transfer, the membrane was blocked by 5% milk. The blocked membrane was then 265 probed with CS-35 antibody (BEI Resources, NIH) at 1:250 dilution at 4°C overnight. The 266 membrane was washed with 1X TBST five times for five minutes each. Post-washing, it 267 was probed with anti-mouse secondary for one hour at room temperature. Membrane 268 was then washed five times for five minutes with 1X TBST. Thermo Scientific's west dura 269 chemiluminescent reagent was used to develop the membrane. 
